Cultured resident murine maaophages are incubated in the continuous presence of the fluorescent endocytic marker Lucifer Yellow and a phorbol ester that activates protein kinase C. Under these steady-state labeling conditions the fluorescent tracer was, for the most part, in a tubularlreticular compartment. Enzyme cytochemical localization of acid phosphatase in the same cells showed essentially a one-to-one correlation between the Lucifer Yellow-and acid phosphatase-
Introduction
The supramolecular organization of the cytoplasm and the arrangement and movement of organelles therein have been the focus of much recent interest. The organization of the endosomalllysosomal compartments likewise has generated considerable interest. These compartments are very important in normal cell physiology. For example, the functions of certain receptors in processes such as receptor-ligand dissociation, receptor recycling, and receptor degradation are regulated, at least in part, within these compartments. Extracellular material that is internalized through non-receptormediated pathways may also be processed through the endosomalllysosomal pathways (for reviews see Gruenberg and Howell, 1989; Mellman et al., 1986; Goldstein et al., 1985; Helenius et al., 1983; Pastan and Willingham, 1983; Steinman et al., 1983) .
We have employed murine macrophages to study the structural plasticity of these compartments during cell stimulation events. In this report we describe techniques for examining the distribution of internalized material in cells at the optical microscopic level and the subsequent study of the same cells at the electron microscopic level. We have focused on the structural modulation of the endosomalllysosomal system in these cells as they respond to the external stimulus phorbol12-myristate 13-acetate (PMA). It is known that PMA induces macrophages to pinocytose increased amounts of extracellular tracers (e.g., Lucifer Yellow), leading to the distri-inactivated f e d calf serum, penicillin (100 U/ml)/sueptomycin (100 pglml), Gglutamine (2 mM), and sodium bicarbonate. The animals used in these studies were maintained in an AAALAC facility in accordance with the guidelines for care and use of laboratory animals of The Ohio State University and The National Research Councils.
Cell Culture Supports and Conditions. Cells were cultured on foimvarcoated EM grids in 24-well culture plates (Corning Glass Works; Corning, NY) in DMEM (supplemented as indicated above) at 37'C in a CO2 incubator (5% CO2). Cells were maintained in culture overnight (typically 18 hr) before experimentation.
A formm solution (0.75% in ethylene dichloride) was used to coat freshly peeled sheets of mica (c. 25 x 75 mm). This coating process was carried out in an EFFA film caster (EF Fullam; Latham, NY). Dried formvar films were scored into pieces (25 x 25 mm) and floated onto distilled water. An EM grid was placed in the center of each film and then picked up with a round glass coverslip (12-mm diameter). These coverslips had been previously coated with 0.3% formvar to make their surfaces more hydrophobic, thus eliminating the problem of the formvar film on the grid sticking to the coverslip. The grid-coverslip preparations were then lightly coated with carbon in a vacuum evaporator (Denton DV-502) and then sterilized by uv irradiation for 1 hr. It should be noted that gold EM grids were employed in this study, thus minimizing potential toxicity to cells. These grids (Pinpointer "finder" grids; Ted Pella) have markings so that the location of a given cell can be recorded and readily found on reexamination.
Cell Stimulation and Pinocytosis. After overnight culture the cells were washed three times with PBS. The cells were then incubated with PBS containing Ca" (0.90 mM) and Mg++ (0.49 mM) which was supplementedwith PMA (50 nglml) and Lucifer Yellow CH (LY) (0.25-1.0 mglml). The gridcoverslip preparations were incubated in 1 ml of this medium at 37' C in 24-well cultures plates. After PMA stimulation for various periods the grids were detached from the coverslip, washed several times with PBS, and then immediately examined as living or fixed cells by optical microscopy.
Optical Microscopy. Cells were examined by differential interhmce contrast (DIC) and epifluorescence microscopy with a Nikon Optiphot equipped with a Microflex UFX-11A photographic attachment and an FX-35 camera. The light source for fluorescence microscopy was a 100-W mercury lamp which was attenuated with neutral density filters. The objectiK lenses employed were a Nikon x 20 Plan-DIC. NA 0.50 and a Nikon x 100 Plan-DIC, NA 1.25. The filter cube was a Nikon B-2A with a 450-490-nm excitation filter and a 520-nm barrier fdter. P h o t o " p h s =re recorded on Kodak T-Max p3200 film which was exposed and developed at either ASA 3200 or ASA 20,000.
The cells were examined (a) as living cells mounted in PBS with Ca" and Mg" or (b) after fmtion. A number of&rent fnutiRs (i.e., g l u d d ehyde, formaldehyde, and acrolein) were tested. These fixatives were tested singly and in several combinations, and over a number of&rent concentrations and fixation temperatures. Optimal fixation for preserving PMAinduced tubular compartments and lysosomal enzyme activity was achieved by immersing grids into 0.2% glutaraldehyde and 0.5% formaldehyde (freshly prepared from paraformaldehyde) in 0.1 M sodium cacodylate b a r , pH 7.2, with 5% sucrose. Cells were fixed for 10 min at 22'C. After fixation cells were washed in 0.1 M cacodylate buffer. For observation, a thin ring of petroleum jelly was placed on glass slides; 2-3 drops of PBS (for living cells) or cacodylate buffer (for fmed cells) was then placed within the ring; a grid was immersed in the solution and overlaid with a glass coverslip (24 x 40 mm; number 1 thickness). Observation of a given slide was carried out as rapidly as possible; this was especially important for living cells. Cells were located and their position on the grid was recorded with the aid of the x 20 objective lens; this was necessary for relocation of the same cells during EM observations. Enzyme Cytochemistry. Immediately after optical microscopic observations the grids were processed for the enzyme cytochemical localization ofthe lysosomal marker enzyme acid phosphatase (AcPase The localization of AcF' ase was achieved by the use of a cerium-based cytochemical medium which wc have described previously (Robinson, 1985; Robinson and b o d y . 1983) . In brief, cells were pre-incubated in substratc-fk medium for 30 min. then incubated for 2 hr at 37'C in complete medium containing 3 mM B-glycerophosphate, 2 mM cerium chloride, 0.0015% TritonX-100, 5% sucrose, and 0.1 M acetate buffer, pH 5.0. This medium was rcplaccd with freshly prepared medium every 30 min. Control incubation medium lacked substrate. After the cytochemical reaction, grids were washed three times in 0.1 M cacodylate buffer. They were then post-fd in 2% glumaldehyde buffered with 0.1 M cacodylate, pH Elccaon w. Identified cells that had been examined and photographed by optical microscopy wcre also observed by electron microscopy.
This was achieved by preparing these cells as whole mounts (Wolosewick and Porra, 1979) . Af'ter the second fixation step the cells were washed three times in cacodylate b a r and then dehydrated in a graded series of ethanol solutions (30, 40, 50. . . . 100%). Ethanol dehydration was followed by substituting amyl acetate for ethanol in a graded series of amyl acetatelethan01 solutions to 100% amyl acetate.
Cells were then critical point-dried in a Pelco Critical Point Dryer (Ted Pella). ' G reduce the turbulence &om the solution flow (and potential damage to the f o r " films or cells), we constructed a basket of fine-mesh stainless steel (28 mm diam x 68 mm high). The Gollin-Wray grid holder, within the stainless steel basket, was transferred to the critical point-drier chamber, which was filled with amyl acetate. The amyl acetate was thoroughly replaced by several changes of liquid COz; the samples were then critical point-dried from COz.
Grids were then coated with a thin film of carbon in the vacuum chamber with the Denton evaporator. The specimens were stored in a desiccator until examined. Cells were observed with a Philips CM12 electron micro- scope operated at 120 kV. Cells previously photographed by light microscopy were identified with the aid of the marking system on the grids employed. Electron micrographs were typically made at an initial magnification of x 3000; in some cases stereo pairs were made.
Results

Combined Epz$Z"orescence and WhoLe-mount Electron Microscopy of Identz-ed CeLLs: Photodamage Can Lead to Enzywe Inhibition
The membrane-impermeant dye K is intemalized by cultured resident murine macrophages and is retained by the cells within membrane-bound compartments. Internalization of LY by macrophages is stimulated by phorbol esters that activate protein kinase C (e.g., PMA); moreover, PMA treatment leads to a dramatic alteration in the organization and cell distribution of these K-containing compartments (see Swanson et al., 1985) . The purpose of the present study was to further characterize these LY-containing compartments and to develop procedures whereby the same cells and structures could be examined by both optical and electron microscopy. This enabled us to determine if the LY-containing compartments also contain cytochemically identifiable endogenous markers and to make a more precise direct identification of these structures in whole cells. In this latter regard, we chose to examine the distribution of AcPase activity within LY-loaded cells. In addition, we examined a variety of fixation procedures to find conditions in which these very labile tubular compartments can be preserved for microscopic examination. The general procedure employed is illustrated in Figure 1 . The distribution of fluorescence derived from internalized K in this PMA-stimulated cell is shown ( Figure IA) . The shape of this cell is evident in the DIC image shown in Figure 1B . Lawer-magnification DIC ( Figure IC ) and electron microscopic ( Figure 1D ) images illustrate better the culture procedure in that the distribution of cells on the formvar-coated grids can be appreciated. A whole-mount electron micrograph of this same cell at higher magnification following localization of AcPase after optical microscopic examination and photography is shown in Figure 1E . Note that there are tubular and spherical structures that appear "empty" and display a one-to-one correspondence to the K-positive structures ( Figure  1A) ; these structures lack AcPase activity in this cell. Even though care was taken to keep the exposure of the cell to light very short during photomicroscopy (see figure legend for details), there was no detectable AcPase activity within this cell. This was the case for both LY-positive and -negative structures. Therefore, it appears that the activity for AcPase was largely inhibited by epifluorescence examination, yet there was no dramatic photochemically induced structural damage within this cell.
CO-locaLization of LY and AcPase: ELimination of
Photochemically Induced Enzyme Inhibition
Two experimental strategies were employed to determine if there was direct photochemical inhibition of A c h e activity after epifluorescence examination of LY-loaded cells: (a) to reduce the exposure time required to capture a fluorescence image of K-loaded cells; and (b) to reduce the concentration of LY in the incubation medium. In this study we report results obtained by reducing the exposure time required for photography [reduced by about six times;
i.e., 6-sec exposure (see Figure 1A ) to 1 sec (see Figures 2-4) ). We tested LY concentrations from 0.25-1.0 mglml in the incubation medium; over this concentration range there was no reduction in inhibition of AcPase activity with the longer epifluorescence exposure time (i.e., =4 sec). Although we chose to record fluorescence images directly onto photographic film, it is possible that the use of even lower concentrations of LY might reduce or eliminate photochemical inhibition of AcPase (and perhaps other enzymes). Lower LY concentrations would require that images be recorded using video cameras capable of detecting low levels of fluorescence emission. Figure 2 shows that a fluorescence image can be recorded (Figure 2A) in which PMA-induced tubular structures are evident while not causing inhibition of AcPase activity. The electron microscopic image of the whole mount of this same cell illustrates that A c h e activity can be localized within tubular structures. Note that there is a one-to-one correspondence between the Wcontaining structures and the AcPase-containing structures in the thinner portions of the cell. There is, however, a great deal of fluorescence in the perinuclear region which cannot be resolved into individual structures in this non-confocal epifluorescence image. To better resolve these structures by electron microscopy in this whole mount, we took a series of stereo-pair images of the nuclear region of this same cell (see Figure 3) . These stereo pairs demonstrate that the nucleus is encircled by a series of Ache-positive tubular structures which are irregularly stacked upon each other. The bright perinuclear fluorescence of this cell (see Figure 2A ) most likely corresponds to the AcPase-positive tubular structures that surround the nucleus. Control cells incubated in the absence of substrate did not contain reaction product (results not shown).
We examined a number of cells to determine if the results presented in Figures 1-3 are general for E-loaded, PMA-stimulated cells. A gallery of micrographs from portions of other macrophages is shown in Figure 4 . Note that there is a very close correlation between the localization of K and A c h e activity in tubular and spherical structures in these cells.
All of the cells presented in Figures 1-4 were fixed in 0.2% glutaraldehyde-0.5 % formaldehyde solution before examination by optical microscopy. Therefore, it was possible that pre-fixation where lines A A , B-B, and C-C illustrate the region of the cell and the orientation of these stereo pairs. Also for the purpose of orientation, AcPase-positive structures labeled with an arrow, a bold arrow, an arrowhead, or a triangle in Dare similarly labeled in the stereo pairs. It should be noted that examination of the whole mount by stereo microscopy enables us to distinguish individual AcPasetontaining tubular structures in the nuclear region which cannot be distinguished by conventional wholetell epifluorescence microscopy (see Figure 2A ). Bars = 2 pm. 3) in the whole-mount EM preparation. It is interesting to note that the tubular structures display light-dark-light profiles. The light bands at the periphery are probably the limiting membranes which seem to be negatively stained in this preparation. This unusual a p pearance may result from photochemically induced damage to these membranes. (E) A whole-mount electron micrograph of a macrophage that was incubated with LY (1.0 mglml) and PMA (50 nglml) for 45 min. The grid was then mounted on a glass slide as in A-A' as a living cell preparation but was not exposed to light in the epifluorescence microscope of the cells made them more susceptible to photochemically induced inhibition of AcPase activity. This was tested by examining living preparations of LY-loaded cells before fixation and subsequent localization of AcPase. In this case, cytochemically demonstrable AcPase was not evident; therefore, no detectable difference was observed between the inactivation of AcPase in living cells (Figure SA and inset) as compared with pre-fixed cells (Figures 1A and   1E ). We also tested the effect of LY itself on the cytochemically detectable AcPase activity. Cells were incubated in LY and PMA to stimulate dye loading and morphological transformation of the tubular compartment. However, these cells were not irradiated as in epifluorescence photomicroscopy. There was no demonstrable effect of LY on the cytochemical localization of AcPase ( Figure 5B and SC), since it was indistinguishable from macrophages stimulated with PMA but not loaded with LY (results not shown). Therefore, LY itself does not inhibit AcPase activity in the cytochemical preparations; moreover, our results indicate that LY itself does not contribute to the formation of the AcPase-containing tubular structures. However, the interaction of LY with the excitation light can lead to the rapid inactivation of AcPase activity without altering Figure  1 ) and then fixed with 3% glutaraldehyde-2% formaldehyde (buffered as in A with 5% sucrose added) for 30 min at 22%. The sample was post-fixed and processed as in A. Note that there are short tubules which often have a "wavy" appearance (bold arrows). Points of discontinuity of the tubules are present (arrowheads).
Mitochondria (open arrows) and centriolar region (*) are also evident. Bar = 2 pm. the structure of this compartment. It should be noted that longer exposure of LY-loaded structures to excitation light can lead to morphological alterations in these tubular W-containing compartments in living cells (see Robinson et al., 1986) .
Preservation of a Tubular/Reticular Compartment for Ultrastructural Study
Routine chemical fixation methods tend to cause these thin tubular structures to break up in cultured smooth muscle cells (Robinson et al., 1986) , elicited macrophages (Robinson and Karnovsky, 1991; Swanson et al., 1987a) . and bone marrow macrophages (Heuser, 1989) . We now show that this tubular compartment in resident macrophages, as used in this study, is also susceptible to fragmentation under stronger fivation conditions (3% glutaraldehyde-2% formaldehyde) (see Figure 6B) . Therefore, the relatively mild fixation procedure we employed (0.2% glutaraldehyde-0.5 % formaldehyde) better preserves these tubular compartments than does stronger fixation conditions. This mild fixation retains LY within these compartments and is suitable for cytochemical experiments (see Figures 1-5 ) as well as for more conventional morphological observations (see Figure 6A ). It should also be mentioned that the tubuladreticular compartments in cells prepared under these conditions are narrower and more delicate in appearance (Figure 6A ) than in cells that were examined by fluorescence microscopy and/or incubated for detection of AcPase before EM observation (Figures 1-5 ). It may be that in the latter cases the width of these tubules increases due to swelling induced by photodamage or the accumulation of reaction product.
Discussion
The membranous compartments associated with internalization of material and the intracellular movement of these structures within the cytoplasm are of considerable interest. A wide range of substances are internalized and processed through the acidic endosomal compartments before delivery to lysosomes.
Macrophages represent an excellent system for the study of membrane internalization and processing. Resident murine macrophages that internalize LY in the absence of PMA deliver the tracer almost exclusively to spherical structures of various sizes in living cells (results not shown). When PMA is present this tracer is found largely in tubular compartments. Cells used in this study were continuously exposed to LY and PMA for periods of up to 60 min at 37°C; this should lead to a steady-state labeling of various compartments of the endosomalllysosomal system. The mechanism by which PMA rapidly induces the formation of this elaborate compartment in macrophages is not entirely clear. The morphology and radial distribution of the tubular compartment in thioglycolate-elicited macrophages are dependent upon intact microtubules (Swanson et al., 1987a) ; in addition, the introduction of antibodies to kinesin into macrophages reduces the extension of tubular lysosomes (Hollenbeck and Swanson, 1990) . These results suggest that kinesin, an anteriograde microtubule-based motor protein, is important in maintaining this tubular morphology. Experimental modification of cytoplasmic pH leads to changes in lysosome shape and distribution in macrophages and fibroblasts (Heuser, 1989) . Interestingly, in this case it is during retrograde movement towards the cell center that tubular structures are evident. This result suggests that a dynein-type microtubule-based motor protein may also play a role in the formation of tubular compartments.
The tubular structures containing LY are typically slender and elongated, although many branch points are evident. Therefore, this compartment has some of the characteristics of a reticulum. This LY-containing tubular/reticular compartment bears certain morphological similarities to an endosomal reticulum that has been observed in living Hep-2 carcinoma cells after internalization of fluorescently labeled transferrin (Hopkins et al., 1990) . We show unequivocally that the compartment in macrophages is characterized further by the presence of AcPase. It is not known at present what other constituents are associated with the Hep-2 cell reticulum. Immunocytochemical studies have shown a co-localization of LY and cathepsin L in vesicular or spherical structures in macrophages [these structures may, however, have been tubular beforc fixation (Swanson et al., 1987a) l.
Photodamage must always be a consideration when the distribution of fluorescence within cells is analyzed. It has been noted that exposure to light for the excitation of a fluorochrome can lead to structural damage; this is particularly evident in thin membranebound tubular compartments (e.g., Hopkins et al., 1990; Robinson et al., 1986) . Photodamage associated with excitation of fluorochromes has been observed in other situations as well (e.g., Simon et al., 1988; Vigers et al., 1988; Sheetz and Koppel, 1979; Lepock et al., 1978) . In the present study we show that other deleterious side effects may be induced by photodamage that precedes structural alterations. We show that photomicroscopy of LY-containing compartments, even with relatively fast film (ASA 3200), leads to the subsequent inhibition of cytochemical detection of AcPase within these structures in both living and chemically fixed cells. Reduction in the exposure time required for capturing these images on film (ASA 3200 film exposed and developed at ASA 20,000) apparently eliminated inhibition of the activity of this enzyme. The mechanism of the process of photodamage leading to inhibition of AcPase activity is not known; however, we assume that it is mediated by a pathway involving free radicals. Subtle photodamage such as we observe (i.e., enzyme inhibition) may be important in other systems in which cell functions are monitored by fluorescence microscopy.
Structures involved in endocytic transport andlor biogenesis are difficult to distinguish from each other solely on the basis of morphological characteristics (e.g., Griffiths et al., 1988) . Therefore, the ability to examine multiple markers (e.g., exogenous endocytic tracers and endogenous activity markers) within identified cells offers considerable advantages in the characterization of relevant structures. Another important feature of the present study is the preservation of the tubular/reticular compartment in PMA-stimulated macrophages. As mentioned previously, it has been shown in a number of situations that certain tubular membrane-bound structures are sensitive to conventional chemical fixation procedures. We show that a "weak fixative" applied for a relatively short time provided preservation of this compartment in whole mounts whereas more conventional fixative concentrations and fixation times did not. Moreover, this fixation protocol retained LY within this compartment and preserved the cytochemically demonstrable AcPase activity. The LY-containing tubular structures are either straight or display smooth curves in living cells. This pattern is maintained in cells stabilized with this "weak fixative." On the other hand, more conventional procedures that are typically used in immunocytochemistry lead to fragmentation or other alterations in these straight structures (Robinson and Karnovsky, 1991) . Similarly, EM observations of these tubules with or without AcPase cytochemistry revealed straight and regular structures with the "weak fixative" (see Figures  1-5 and 6A) but fragmented and/or "wavy" tubules with stronger fixation ( Figure 6B ). Similar fixation-induced fragmented or ''wavy'' tubular profiles in macrophages have been shown previously (Swanson et al., 1987a) .
Treatment of thioglycolate-elicited macrophages with PMA alters the influx and efflux of membrane-bound fluid-phase endocytic markers (Swanson et al., 1985) . Our results show that LY and AcPase are present within the same compartments in PMA-treated resident macrophages. It may be that PMA treatment induces a mixing of the endocytic and lysosomal compartments to form a continuous tubular/reticular structure. Although this is speculative, it is a hypothesis that can be tested. For example, does the mannose-6-phosphate receptor [a molecule which is present in late endosomes but is essentially undetectable in lysosomes by immunocytochemical methods (Geuze et al., 1989; Griffiths et al., 1988; Brown et al., 1986; Geuze et al., 1985) ] co-localize with this tubdadreticular compartment? Another possibility is that all of the LY is delivered to the lysosomes and that it is the lysosomal compartment proper that displays considerable structural plasticity and undergoes dramatic shape changes to form tubular lysosomes, especially during PMA stimulation. This view has received the most attention (Hollenbeck and Swanson, 1990; Heuser, 1989; Swanson et al., 1987a; Robinson et al., 1986) . However, there are still issues that should be resolved with this model. A complete accounting of the surface area of lysosomal membranes in unstimulated cells and that of the tubular/reticular compartment of PMA-stimulated macrophages is needed. The mechanism by which branch points in the reticulum are formed is also of interest. The precise role of protein kinase C (or possibly other kinases) in this morphological transformation remains to be elucidated.
We have studied resident murine macrophages because they do not have a prominent tubularlreticular compartment in the absence of cell stimulation. Thus, the mechanism of formation of this compartment can be addressed further in subsequent studies. Other cells (e.g., the macrophage-like cell line 5774.2) display a morphologically similar tubular compartment constitutively (Swanson et al., 198713) . A detailed biochemical comparison of cells that display a stimulus-dependent tubular/reticular compartment and cells that have this structure in the absence of exogenous stimulatory agents will be important to an understanding of the process of formation and maintenance of this elaborate membranous structure.
To have a more complete understanding of the dynamics of the endosomal/lysosomal system, it is important, and in many cases essential, that the same cells and subcellular structures be examined by both optical and electron microscopy. The procedures presented in this study should be useful for such correlated studies. Furthermore, a more accurate morphological description will enhance biochemical analysis of the formation of tubular compartments within cells.
